In this contribution, we review the molecular and physiological barriers to oral delivery of peptides and nanoparticles. We discuss the opportunities and predictivity of various in vitro systems with special emphasis on human intestine in Ussing chambers. First, the molecular constraints to peptide absorption are discussed. Then the physiological barriers to peptide delivery are examined. These include the gastric and intestinal environment, the mucus barrier, tight junctions between epithelial cells, the enterocytes of the intestinal epithelium, and the subepithelial tissue. Recent data from human proteome studies are used to provide information about the protein expression profiles of the different physiological barriers to peptide and nanoparticle absorption. Strategies that have been employed to increase peptide absorption across each of the barriers are discussed. Special consideration is given to attempts at utilizing endogenous transcytotic pathways. To reliably translate in vitro data on peptide or nanoparticle permeability to the in vivo situation in a human subject, the in vitro experimental system needs to realistically capture the central aspects of the mentioned barriers. Therefore, characteristics of common in vitro cell culture systems are discussed and compared to those of human intestinal tissues. Attempts to use the cell and tissue models for in vitro-in vivo extrapolation are reviewed.
Introduction
The main physiological function of the gastrointestinal tract is to digest food constituents that can subsequently be absorbed as nutrients and at the same time provide an efficient barrier to toxic materials, including peptides, viruses and bacteria. Whether administered in soluble form or formulated in nanoparticles, these two functions are clearly at odds with the oral delivery of large molecules such as peptides and proteins. It is, therefore, not surprising that oral delivery of peptide drugs remains a challenge. While, in theory, nanoparticles have a good potential to enable the oral delivery of peptides and proteins, the design of a nanoparticle able to survive passage through the gastrointestinal tract and to pass the intestinal epithelium is in itself a significant challenge [1] [2] [3] .
In this contribution, we first review current knowledge regarding the molecular properties required for oral absorption of peptides. We then discuss the physiological barriers to oral delivery of peptides and nanoparticles. Examples of principles that have been used to enhance peptide and nanoparticle delivery across each of these barriers are provided. For a comprehensive review of nanoparticle design for oral deliver see [1] . Finally, we also investigate the suitability of human intestinal tissues for studies of oral peptide and nanoparticle delivery. Important differences as compared to commonly used cell culture models are identified. To investigate the maximal absorbable fraction of selected peptide delivery systems, we used a simple mechanistic computational model for scaling in vitro and ex vivo experimental permeability data to human in vivo intestinal permeability.
Peptide drugs
The number of peptide drugs in preclinical development and undergoing clinical trials has increased in recent years [4] . This is partly explained by the larger size of peptides compared to conventional drugs. The greater size allows for interaction with targets with shallow and or extended binding pockets that are not usually accessible to small molecular drugs. Such targets include intracellular protein-protein interactions, which are implicated in many human diseases. A requirement for interaction with such intracellular targets is that the peptide drug can permeate the cellular plasma membrane and reach the intracellular compartments. In general, this does not seem to be the case, since the vast majority of peptide drugs have extracellular targets [4] . Further, they are administered by parenteral routes, suggesting that they cannot permeate cellular barriers such as the epithelia underlying our mucosal surfaces. If peptide drugs could be modified or formulated to permeate epithelial barriers (in particular the intestinal barrier after oral administration) and later, the plasma membranes of the target cells, tremendous therapeutic advantages would result.
So what are the limits with regard to the molecular properties that would allow for oral administration of peptide drugs? Doak et al., recently investigated this issue [5] . An excellent and detailed analysis was performed of all drugs and clinical candidates outside the rule of five, including 226 oral drugs of various types. The authors observed that a chemical space far beyond the rule of five allows for oral administration of (peptide) drugs. Thus, a molecular weight of up to 1000 D, a ClogP up to 10 and a 2D polar surface area (PSA) up to 250 Å 2 may still allow for oral administration. The number of hydrogen bond donors could, however, only be extended to 6. The 2D PSA limit of 250 Å 2 is much higher than the originally proposed 140 Å 2 [6] . Interestingly, this could be explained by 3D PSA analysis showing that the formation of flexible interactions, such as intramolecular hydrogen bonds and dipole-dipole interactions reduced the polar surface area to values below 140 Å 2 . In summary, the analysis of Doak et al., extends the chemical space for oral peptide delivery beyond the rule of five [5] . However, it is clear that for the many peptide drugs larger than approximately 1000 D, other approaches such as optimized delivery systems are required to enhance peptide permeation across the intestinal barriers and the plasma membranes of the target cells. In the following, we will review these barriers, present ways to circumvent them and then focus on predictive models for the assessment of peptide delivery across the intestinal barrier. For the sake of clarity, we use the expression peptide for all peptides and proteins that require additives or delivery systems, e.g. absorption enhancers, or nanoparticles to be absorbed via the oral route.
The barriers
On its way through the gastrointestinal tract, any drug will encounter a series of barriers before it reaches the capillaries in the subepithelial tissue (Fig. 1) . The main barriers are the gastric and intestinal milieu, the mucus barrier, the tight junctions blocking paracellular passage, the epithelial cells of the gastrointestinal tract, and finally the subepithelial tissue. Here we summarize the hurdles that an orally delivered peptide drug must overcome before being absorbed. Examples of interesting strategies that have been attempted to overcome the barriers are presented.
The gastric and intestinal digestive environment
After oral intake, a peptide drug will encounter a series of digestive enzymes whose purpose is to degrade macromolecules into absorbable nutrients [7, 8] . The enzymes involved in digestion of food constituents are well studied and have been comprehensibly reviewed elsewhere [9] [10] [11] . Data on enzyme expression levels and tissue localization can be found in the Human Protein Atlas (www.proteinatlas.org) [12, 13] . Digestive enzymes in the saliva are mixed with the oral drug already in the mouth. The enzymes lingual lipase (EC 3.1. Bile is added to the chyme in the duodenum in response to food intake. Lipids stimulate the release of CKK from epithelial cells in the duodenum leading to gall bladder contraction and secretion of pancreatic fluid. Drug formulations or nanoparticles containing a lipid phase will start to be digested at this stage and will be disrupted by lipase and bile salts, respectively. It has been shown that solid lipid nanoparticles as well as mixed micelles are efficiently digested in the mouse intestine limiting the absorption of intact nanoparticles and micelles over the intestinal wall [3] .
In addition to the luminal enzymes, the enterocytes of the small intestine express many digestive enzymes in the microvilli of the brush border membrane and within the glycocalyx. Peptidases with high expression in enterocyte microvilli include, but are not limited to dipeptidyl-peptidases 3 and 4 (DPP3, EC 3.4.14.4 and DPP4, EC 3.4.14.5), glutamyl aminoopeptidase (ENPEP, EC 3.4.11.7), membrane metallo-endopeptidase (MME, EC 3.4.24.11), transmembrane protease serine 4 (TMPRSS4, EC 3.4.21.-), and transmembrane protease serine 15 (TMPRSS15 EC:3.4.21.9) (Fig. 2) .
Caco-2 cell monolayers (a model commonly used to predict intestinal permeability) do not express the majority of these proteases. For instance, TMPRSS4 and DPP4 are found in Caco-2 cells at modest expression levels [14] . Despite the relatively weak expression in Caco-2 cells, both DPP4 and serine dependent peptidases (such as TMPRSS4) have been shown to digest small peptides during their permeation of a Caco-2 cell layer, and this digestion is likely to be even more efficient in vivo [15, 16] . Indeed, in Ussing chamber permeability experiments with rat ileal and colonic tissues it was observed that the comparatively metabolically stable vasopressin analogs lysine vasopressin and desmopressin were enzymatically degraded to a major extent during passage of the intestinal tissue [17] . The transit time of the small intestine is rather constant and 2-4 h is the common timespan. The transit time in the colon is much longer (up to 24 h) [18] [19] [20] . For more information on GI transit times see [18, 21] . Like other physiological parameters, gastrointestinal transit times display large species differences where rodent gastrointestinal transit times are much smaller than human [21] . In rat, jejunal, small intestinal, and total gastrointestinal B. Immunohistochemical staining of selected peptidases is shown. Peptidases with high expression in enterocyte microvilli include dipeptidyl-peptidases 3 (DPP3), glutamyl aminoopeptidase (ENPEP), membrane metallo-endopeptidase (MME), and transmembrane protease serine 15 (TMPRSS15). DPP3, ENPEP, and MME brush border peptidases are found at high levels in the jejunum, but not in the colon. The enteropeptidase TMPRSS15 is found in the duodenum but not in the jejunum. The immunostained sections are adapted from the Human Protein Atlas (www.proteinatlas.org) [12, 13] . transit times of 80 min, 3 h, and 11 h, respectively, have been reported [22] [23] [24] . Regardless of species a peptide drug that is poorly absorbed is exposed to peptide degrading enzymes for a significant amount of time.
Experience from conventional formulations shows that the peptide degrading acidic environment in the stomach can be avoided by enteric coated formulations [25, 26] . Loading of the peptides into a nanoparticle can provide protection during the passage of the gastrointestinal tract allowing delivery of the peptides to or near the enterocytes of the intestinal wall. Conjugation of peptides with, e.g. lipids into lipopeptides [27] , can also protect peptides from degradation, as can the addition of enzyme inhibitors [17] . In the latter case, dilution of the inhibitor in the luminal contents upon release may be a problem. It is noteworthy that the few orally administered peptides on the market (cyclosporin A and desmopressin) or under new drug application (NDA) review by the US Food and Drug Administration (FDA) (octreotide) are cyclic peptides, more specifically macrocycles [25] . Macrocycles stabilize peptides against enzymatic degradation, and the stabilizing effect of cyclization has been exploited to develop cyclic peptide prodrugs [16] .
The mucus barrier

Mucus barrier structure
The first physical barrier to absorption in the gastrointestinal tract is the mucus barrier, a hydrogel layer composed of large glycoproteins, predominantly of the mucin family [28] [29] [30] [31] . In the small intestine MUC2 is the main mucin secreted from goblet cells, while these cells also secrete MUC5B in the colon (Fig. 3) [28, [32] [33] [34] . Mucus production amounts to an average of 1 kg/day in an adult human. The mucus layer in the human intestine ranges from 10 to 100-200 μm thick (jejunum to colon) and consists of an outer, loosely adherent layer, and an inner, thinner, and more strongly adherent layer. The inner, strongly adherent layer has been estimated to be 7 μm thick in the colon, but its thickness has not to our knowledge been determined in the human small intestine [35, 36] . The outer loosely attached layer is thin in the small intestine (10 μm) but thicker in the colon (40-100 μm) [28, [35] [36] [37] . The mucus barrier shows large species variations, with the rat intestinal mucus layer being tenfold thicker or more in all segments of the intestine compared to the thickness in humans [36] [37] [38] . Both mucus layers consist of stacked, parallel sheets of mucin molecules covering the intestinal surface on top of and between the villi in the small intestine [34, 39] . Some structural features of mucus have been identified. In mucin-2 (MUC2) based mucin-sheets each mucin-2 protein binds to three neighbors, creating a hexagonal mesh [29, 34, 40] .
Closest to the epithelium is the 0.5 μm thick glycocalyx, comprised of polysaccharides bound to membrane anchored mucin proteins, MUC 1, 3, 12, 13 and 17 in the human jejunum and colon [12, 32, 41] (Fig. 3) . In both tissues, MUC13 and 17 seem to exhibit the strongest expression. In addition, the glycocalyx of the goblet cells contains MUC4 that is exclusively expressed by these cells [12, 42] . Using transmission electron microscopy, it has been shown that the glycocalyx is pronounced over enterocytes, but of much lesser thickness over microfold cells, M-cells which are epithelial cells covering the lymphoid follicles in the intestine [43, 44] . In addition to mucins, the mucus layers also contain large amounts of enzymes with the capacity to break down sugars, lipids and proteins to provide digested nutrients for absorption by the enterocytes (see Section 3.1). These enzymes pose a risk of digestion for peptide drugs entering the mucus layer.
The role of the mucus layer is to lubricate the passage of chyme, to protect the epithelium from mechanical damage and to bind pathogens and hinder them from reaching the epithelial cells [28] . The small intestine is a rather sterile environment, but in the colon, gut flora typically resides in the outer mucus layer down to the surface of the inner, strongly attached mucus layer [35, 38] . While the glycocalyx restricts The sheets are made up of mucin aggregates, in the jejunum each Mucin-2 (MUC2) bind to three other mucin proteins, creating a hexagonal mesh. In the jejunum Mucin-2 (MUC2) is the major secreted mucin while in the colon Mucin-5B (MUC5B) is secreted as well. The structure of Mucin-5B containing mucus has not been determined. B. Expression of selected mucins in the jejunum and colon. Mucin-4 (MUC4) staining is seen exclusively in goblet cells. Mucin-5B (MUC5B) is found in the colon only. Mucin-13 (MUC13) is found in the glycocalyx of the enterocytes in both jejunum and colon. Mucin-17 (MUC17), which is also part of the glycocalyx, shows higher expression in the jejunum than in the colon. The immunostained sections are adapted from the Human Protein Atlas (www.proteinatlas.org) [12, 13] . direct contact of nanoparticles and microorganisms with the cells of the villus epithelium, the thin glycocalyx over M-cells of the lymphoid follicles presents a weaker barrier [43, 44] .
Caco-2 cells are a common model of the human intestinal epithelium, but a drawback associated with this cell model is that they lack a mucus layer. Caco-2 cells only express detectable levels of the glycocalyx mucins MUC13 and MUC 17 [14] . Further, as for M-cells, the glycocalyx of Caco-2 cells is thinner than in normal enterocytes, which is probably related to their tumor origin [45] . Frey et al., concluded that a comparably good uptake of gold nanoparticles by Caco-2 cells compared to that in intestinal tissues might be due to this thin glycocalyx [44] . This is supported by the observation that intestinal epithelial Mcells in lymphoid follicles, that have the capacity to transcytose nanoparticles, have a less pronounced glycocalyx [43] . Goblet cell clones isolated from the colonic epithelial cell line HT-29 cells secrete MUC 2, 5AC (normally found in the stomach, but not in the intestines), and colonic MUC 5B, and, additionally, show weak expression of MUC 1, 3 and 4 [46] [47] [48] .
Mucus interactions
The mucus binds nanoparticles and proteins via hydrophobic interactions [49] . Charged groups of the mucin proteins can also interact with charged particles and immobilize them in the mucus [50] . The charge density in the mucus mesh will depend on local ionic strength and pH, and will thus be influenced by the chyme content in the intestine. The ionic strength, ionic composition, and pH have all been shown to vary significantly depending on the location in the intestine, feeding status and meal contents. Osmolality and ionic strength can fluctuate from hypotonic to isotonic to hypertonic within short distances in the gut after a meal [51] . Under hypertonic conditions, charge interactions between mucus and particles will be partially shielded by ions in the fluid, reducing interactions below the levels seen in hypotonic fluids [50] . Particle interactions with the mucus will depend partially on, among other factors, feeding state. It has recently been demonstrated that postprandial levels of calcium, bile acids and lipids lead to a denser and more impenetrable mucus, presumably by influencing interactions between mucin molecules affecting mucin-mucin binding and mucus mesh architecture [52] . In addition, dietary and pharmaceutical polymers such as pectin and PEG can compress mouse colonic mucosa by up to 80%, tightening the mucus structure [53] .
Immobilization of peptides, particles or pathogens in the outer loosely adherent mucus layer will lead to rapid clearing from the gastrointestinal tract as this mucus layer is shed. Small solutes, such as nutrients do, however, diffuse unimpeded through the mucus layer [35] . It has been shown that densely charged but overall neutral hydrophilic particle surfaces exhibit limited interactions with mucus [54] . Indeed, for many virus capsids, the diffusion rate through native cervical mucus approaches the diffusion rate in phosphate buffered saline solution (PBS) [54, 55] . Olmsted et al., showed that for particles with densely charged, net neutral, hydrophilic surfaces, the mucus mesh size was approximately 100 nm [54] .
Building on these findings, mucus penetrating particles (MPP) were developed [56, 57] . By decorating the surface of nanoparticles with a dense layer of low molecular weight PEG-chains, particles were created with weak mucus interactions that are capable of rapid diffusion through the cervical mucus layer. When the density of PEG-chains was decreased, the particles were trapped in the mucus layer. Further, nanoparticles covered with longer PEG-chains did not penetrate the mucus layer, probably due to entanglement between the longer PEGchains and the mucus mesh. The MPPs were found adjacent to the epithelial cell layer while conventional nanoparticles were immobilized in the outer regions of the mucus layer [57] . Many soluble proteins also display a hydrophilic surface, leading to limited interactions with mucus proteins. Nanoparticles covered with serum albumin exhibit weak, repulsive mucus interactions due to the negative charge of the albumin protein [58] . In theory, nanoparticle binding to the mucus surface layer might be a viable strategy for the delivery of small molecules and stable peptides allowing concentrated, controlled release of the peptide in the vicinity of the enterocyte. In practice, the loosely attached outer mucus layer and peptidases of the intestine will be a significant barrier to this approach. MPPs are therefore an attractive strategy, but their value after oral administration in humans remains to be proven.
The densely charged, hydrophilic surface of MPPs is detrimental to membrane permeation and entry into the epithelial cell. To address this problem, a multifunctional MPP was developed that first shed its outer mucin-penetrating shell as it passed the mucus layer [59] . Shedding of the shell exposed the inner core structure of the nanoparticle composed of a complex of the cell penetrating peptide (CPP) penetratin and insulin. This construct led to a 60% blood glucose lowering in rats after administration of a comparably high dose of 75 IU/kg. While this construct demonstrated proof of concept, its advanced multicomponent structure might make it impractical for clinical investigation. Tight junctions are seals between adjacent epithelial cells restricting paracellular flux of water, ions and solutes [60, 61] . The tight junctions are localized in a ring towards the apical pole of the cell. The junctional strands separate the basolateral and apical membranes of the epithelial cells and are instrumental in maintaining epithelial and endothelial tissue barriers as well as cell polarity.
The junctions are composed of branching strands which are themselves composed of rows of transmembrane proteins with extracellular domains, predominantly of the 27-member claudin (CLDN) family and occludin (OCLN) [62, 63] . The extracellular domains of these proteins form loops that bind to the corresponding loops of adjacent cells, creating a seal between the two cells [64, 65] . At the junctions between three adjacent cells, a third protein, tricellulin (MARVELD2), forms a junction [60, 61] . Claudins are found in various combinations in different tissues and there is strong evidence that these proteins are responsible for the paracellular barrier functions in various tissues, including the intestine [62, 63] . The intracellular domains of the claudins are linked to peripheral scaffolding proteins such as ZO-1 (zonula occludens 1). ZO-1 is in turn connected to cytoskeleton components such as actin, myosin, and microtubules via linker proteins. Phosphorylation of several of these intracellular proteins affects the junctional complex and hence regulates the tightness of the paracellular barrier, a feature that has been exploited to enhance the delivery of peptides (see Section 3.3.2. below) [66, 67] .
Claudins are classified into two groups -barrier-forming and poreforming, the latter controlling the selective passage of small solutes over the epithelium [63] . Of the claudins present in the jejunum, claudin-2 and claudin-15 (CLDN2 and CLDN15) are considered pore-forming (Fig. 4) . The Na + leak through the tight junction pores is required for normal function of sodium-dependent nutrient uptake such as glucose and amino acids via transport proteins, e.g. the sodiumdependent glucose transporter 1 (SGLT1, SLC5A1) [69] . When Claudin-15 is knocked out in mice, the intestinal lumen is quickly depleted of Na + , impeding glucose absorption [69] . The opening of the Na + pathway is induced by SLC5A1-mediated glucose uptake in a process involving activation of myosin light chain kinase (MLCK), phosphorylation of myosin light chains (MLC), and a controlled tightening of the perijunctional actin-myosin ring resulting in an increased permeability of sodium and small solutes through the tight junction [61] . It is noteworthy that this post-prandial opening of tight junctions is compensated by the food induced strengthening of the mucus barrier discussed in Section 3.2.1 [52] .
Interestingly, tight junction protein expression can also be regulated by food constituents, at least under in vitro conditions. For instance, naringenin, a compound found at high concentration in grape fruit juice and to a lesser extent in other citrus fruits has been shown to increase the expression of claudin-1 and 4 and to tighten the junctions in Caco-2 cells [70] . The pore pathway can also be regulated by cytokines [71] . For example IL-13 leads to increased transcription of claudin-2 [71] . Stronger inflammatory stimuli such as TNF-α can lead to a stronger tightening of the actin-myosin ring leading to the opening of a leak pathway allowing permeation of larger solutes, even macromolecules [72] [73] [74] . This leak pathway is also associated with occludin internalization and a general weakening of the tight junction barrier [72, 75] . The leak pathway is involved in diarrhea after bacterial infections in the gut and may be too difficult to control to be of interest for enhanced peptide delivery [61, 72] .
The individual claudin concentration and composition of the tight junctions differs along the intestine. This is reflected in permeability studies, using hydrophilic paracellular marker molecules, whose permeabilities decrease from the small intestine to the colon. The human protein atlas combined with proteomic studies, and other expression studies show that claudins 1, 2, 3, 4, 5, and 15 are expressed in the human jejunum, while claudins 1, 3, 4, 7, 8, 12, and 15 are found in the human colon, and Caco-2 cells, finally express claudins 1, 2, 3, 4, 15, and 17 ( Fig. 4) [12, 14, 32, [76] [77] [78] . The notable absence of claudin-5 in Caco-2 cells distinguishes it from human jejunum, while the absence of claudin-8 is a deviation from the colon phenotype.
Interestingly, selective suppression of claudin-5 regulates the permeability of the blood-brain-barrier in mice and was applied to reduce brain oedema after acute brain injury [79] . Since claudin-5 is expressed in human jejunum, it could be tempting to investigate this mechanism in Caco-2 cells with the aim of improving peptide delivery. Such an investigation would be meaningless, however, owing to the lack of claudin-5 in these cells. This hypothetical example underscores the importance of prior knowledge of the differences between cellular models and primary human tissues before initiating functional studies. Previously, such information has been difficult to obtain, but global omics data are now rapidly becoming generally available [14, 32] . This will be very helpful in understanding old and discovering new mechanisms of tight junction regulation for enhanced peptide delivery.
Tight junction modulation for oral peptide delivery
Modulation of tight junction permeability has often been attempted as a means for peptides or nanoparticles to cross the epithelium. To this end, two types of strategies have been adopted, a seemingly less controlled tight junction modulation, creating leaks that allow the passage of large molecules, and a more controlled tight junction modulation. In the former case, surface active so-called absorption enhancers have been used. Familiar examples are medium chain fatty acids and their derivatives. While these agents cause reversible leaks in tight junctions within narrow concentration intervals in vitro, these levels are difficult to maintain after oral or local administration in vivo [25, [80] [81] [82] . At higher concentrations, many of the surface active enhancers also interact with cell membranes, causing irreversible damage to the intestinal epithelium. Notably, the less surface active shorter medium chain fatty acid sodium caprylic acid (C8) is added in an oral formulation of the macrocyclic peptide drug Octreotide, which is under NDA review by the US FDA [25] .
A better controlled tight junction modulation seems to be a more attractive way than permeation enhancers to increase paracellular peptide permeability. As indicated above, myosin light chains (MLC) are connected to the peripheral scaffold proteins of the tight junctions. MLC are phosphorylated by myosin light chain kinase (MLCK) which leads to tight junction opening [61, 67] . This opening is then reversed by dephosphorylation catalyzed by myosin light chain phosphatase (MLCP) (Fig. 5 ) [83] . In contrast to the strong effect on the leak pathway created by TNF-α, or certain absorption enhancers when used at high concentrations, myosin phosphorylation via MLCK seems to be more controllable and leads to tight junction opening without occludin internalization [84, 85] . To exploit this finding, several MLCP inhibitory peptides were developed [66] . Peptides giving rise to different degrees and kinetics of tight junction modulation were identified. Injections of these different peptides together with 30 IU/kg insulin into the intestinal lumen in rats resulted in a significant lowering of the blood glucose in the range of 30-50%. In untreated animals, fluorescently labeled insulin could be visualized along the epithelial brush border, and after treatment with MLCP inhibitory peptides, the labeled insulin could be seen penetrating between enterocytes and into the subepithelial tissue. It was calculated that the most efficient MLCP inhibitory peptide led to an insulin bioavailability of 3-4%, demonstrating that tight junction modulation is a promising strategy for intestinal peptide delivery. Rather high concentrations of the peptides and also of insulin were required for effective modulation and it remains to be shown if this approach holds promise when scaled up to larger species. It is also likely that the pathway opened by controlled tight junction modulation is too narrow to allow passage of nanoparticles.
Intestinal epithelial cells
Intestinal epithelia of the small intestine and colon present a large absorptive surface that mainly consists of absorptive enterocytes and, to a lesser extent, of mucus secreting goblet cells. From studies in rodents, the fraction abundance of goblet cells has been estimated at 10-20%, increasing towards the colon [86, 87] . Less than 1% of the epithelial cells are enteroendocrine cells secreting hormones such as Glucagon-like peptide-1, GLP-1, in response to stimuli in the intestinal lumen [88, 89] . Dendritic cells of the immune system are also found within the epithelium, but they are scarce [90] . Microfold cells, Mcells, are a rare type of epithelial cell found in lymphoid follicles in the intestinal tract [91] . Larger follicles and surrounding tissue are refered to as Peyer's patches. M-cells have received much attention as a potential route of nanoparticle or peptide delivery as a result of their comparatively high rate of transcytosis [92, 93] . Most of these studies have been performed in rodents. The prevalence of M-cells is much lower in man and estimates of M-cell nanoparticle uptake in rodents may, therefore, not translate to humans [94] .
The total length of the human small intestine is 6-7 m, 2.5 m of which belongs to the jejunum. The internal surface of the jejunum is very large and convoluted. This is the result of large transversal folds, the folds of Kerckring, and the villi, 1 mm long, fingerlike or leaf-like projections covering the intestinal epithelium. Villi are longer and more densely spaced in the jejunum than in other parts of the small intestine. The apical membrane of the absorptive enterocytes is covered by densely packed microvilli, further amplifying the surface area of the intestine. The total surface area of the small intestine is commonly estimated to be 250-300 m 2 , although recent studies suggest that the area is smaller, approximately 30 m 2 [95, 96] . The discrepancy is caused by the problems inherent in determining the length, diameter, and folding of the small intestine that varies with the tonus of the underlying muscle layers. Measurements post mortem and in living subjects show large differences, making area estimates uncertain. The surface of the colonic mucosa is much smaller, due to the lack of villi, and is commonly estimated at 1-2 m 2 [96] . Fig. 6 shows the appearance of intestinal villi and microvilli of absorptive cells. Small lipophilic peptides can, depending on molecular properties, distribute into the phospholipid bilayer and thus pass an epithelial cell by simple diffusion [5] . As indicated in Section 2, peptide drugs are, with some exceptions, generally too large and polar to penetrate the cell membrane. Peptide transporters such as peptide transporter 1 (PEPT1, SLC15A1) show a large capacity for the transport of di-and tripeptides, but most peptide drugs are much larger [97, 98] . Transport proteins suitable for the delivery of large peptide drugs have not been identified in the plasma membranes of intestinal epithelial cells. Alternative routes across the cell membrane(s) must, therefore, be targeted.
Cell penetrating peptides
One such route is exploited by so-called cell penetrating peptides (CPPs), of which the first discovered was the trans-activating transcriptional activator (TAT) from human immunodeficiency virus 1 [99] . CPPs are a heterogeneous collection of cationic or amphipathic peptides of 5-30 amino acid lengths. They are derived from natural proteins (e.g. penetratin) or artificial sequences (e.g. octarginin) that have the ability to disrupt and penetrate the plasma and/or endosomal membrane [100, 101] .
There are about 1000 CPPs that may enter cells by means of a number of different mechanisms and that express a wide variety of toxicities [100, 102] . This complexity has slowed down the application of CPPs for peptide delivery. CPPs with the ability to deliver cargo (e.g. therapeutic peptides) often enter the cell through endocytosis and subsequent lysis of the endosomal membrane [103] . Thus, a CPP-delivered therapeutic peptide will encounter additional proteolytic activity in the endosomes. CPPs have, therefore, been combined with nanoparticle encapsulated cargo. Apart from protecting the peptide, this approach has the additional theoretical advantage of keeping the CPPs sufficiently concentrated to facilitate the exit from the cell into the subcellular tissue.
Cell penetrating peptides have been incorporated into nanoparticles with promising results. A mucus penetrating nanoparticle with a CPP core was discussed in Section 3.2.2 [59] . Another nanoparticle strategy combined a CPP (penetratin) with a secretion peptide, Sec, derived from the secreted transcription factor, Engrailed, on the surface of insulin loaded nanoparticles to stimulate both entry and exit from the enterocytes [104] . The Sec peptide is a signaling peptide directing the Engrailed transcription factor to the protein export machinery in the cell [105] . The nanoparticle decorated with both peptides was shown to be significantly more effective than a nanoparticle employing only penetratin, both in in vitro permeability experiments in Caco-2 cells and in vivo experiments. Nanoparticles decorated with penetratin alone (size 148 nm) achieved an insulin bioavailability of 9% after ileal administration of 10 IU/kg insulin in rat, while particles decorated with both penetratin and the Sec peptide (size 163 nm) increased the bioavailability of the insulin cargo to 15% [104] . However, insulin loaded into unmodified poly (D,L-lactic-coglycolic acid) (PLGA) nanoparticles (size 160 nm) achieved a bioavailability of 5% in the same study, which seems inexplicably high. It remains to be determined whether these very promising results can be replicated in independent studies. The use of the Sec peptide to target the nanoparticle to the cells' protein export machinery to exit the cell is a similar approach to the transcytosis targeted delivery that will be discussed in the followings sections.
Endocytosis and transcytosis
The second route for peptide transport across a cellular barrier has been to target peptides or nanoparticles to a naturally occurring transcytosis mechanism present in the epithelial cells. Transcytosis is a mechanism by which polarized cells transport material from one side of the cell to the other [106] . The first step of the transcytotic route is endocytosis. Endocytosis is a general mechanism present in all cells that transport membrane proteins and extracellular material in membrane vesicles into the cell interior [107] . The mechanisms of endocytosis have been relatively well studied (Fig. 7A) . In contrast, the mechanisms of transcytosis are not as well understood.
Transcytosis across epithelia is mediated by specific mechanisms and is a rather rare event. Examples of transcytotic mechanisms, some of which have been exploited for peptide and nanoparticle delivery are given in Table 1 .
Endocytosis is classically divided into four separate mechanisms, clathrin-mediated endocytosis, caveolae, macropinocytosis and phagocytosis. Many studies show that in addition to these pathways a number of clathrin-and caveolin-independent mechanisms exist (reviewed in [107, 127] ). Clathrin-as well as caveolin-dependent endocytosis involves receptor binding of macromolecules and subsequent internalization. Typically, in neither of these cases, do the endocytotic vesicles exceed 150 nm in diameter, but exceptions occur [128] [129] [130] . Macropinocytosis internalizes small droplets of liquid and solutes from the extracellular fluids [131] . The diameter of endocytotic vesicles resulting from macropinocytosis can be larger than those from clathrin and caveolin-mediated endocytosis. Phagocytosis involves the internalization of larger particles and pathogens [107] . All of these four endocytosis mechanisms are dependent on dynamin motor proteins that split the endocytosed vesicle from the plasma membrane [132, 133] . It has been proposed that all four of the classic endocytosis mechanisms are involved in nanoparticle uptake in epithelia [134, 135] .
Caco-2 cells display comparatively low endocytotic activity compared to intestinal epithelia and also lack detectable expression of caveolins using high resolution mass spectrometry [14] . However, caveolins have been detected in differentiated Caco-2 cells by western blotting [136] . To enhance endocytotic activity in the in vitro model a co-culture system has been devised that induces an M-cell like phenotype in the Caco-2 cells (see A problem with identifying the pathways involved in nanoparticle endocytosis is the lack of specific inhibitors. Therefore a general inhibitor of dynamin-mediated vesicular internalization, such as dynasore, that inhibits all the classical endocytosis pathways is typically used [139, 140] . For specific pathways chlorpromazine is considered a selective inhibitor of clathrin-mediated endocytosis, while filipin inhibits caveolin-mediated endocytosis [141, 142] . For macropinocytosis, no selective inhibitors have been identified [141] .
Rab GTPases control endosome trafficking in eukaryotic cells [143] . Expression of more than 50 different Rab isoforms has been detected at the protein level in the intestinal epithelium [32] . Many Rab isoforms are specific for particular organelles and endosomes. Co-localization studies using Rab isoform specific antibodies have been used to track endocytosed and transcytosed materials. Rab GTPases act as molecular switches; their function in vesicular transport has been comprehensibly reviewed elsewhere [143, 144] . Below, RAB involvement in endocytotic and transcytotic pathways is briefly discussed.
After budding of the endocytotic vesicle from the apical cytoplasmic membrane, vesicles from all endocytotic mechanisms are internalized into a common pool of apical early endosomes (AEE) positive for, RAB4, RAB5, RAB15, and RAB22. A fraction of internalized membrane proteins are recycled to the membrane from these endosomes. RAB22 is involved in vesicle transport between AEE, the trans-Golgi network and the Golgi apparatus suggesting that this protein might play a role in transcytosis (see below) [145] . A subset of internalized material is transported further into RAB11, RAB17, and RAB25-positive apical recycling endosomes (ARE) and a portion is recycled back to its original membrane domain. RAB11, RAB17, and RAB25 are closely linked to the process of transcytosis, suggesting that the recycling endosome plays a central role in this process (see below) [146, 147] . In polarized epithelia, separate pools of early and recycling endosomes are thought to exist beneath the apical and basolateral membranes [148] . Basolateral early endosomes (BEE) are distinct from their apical counterparts in their expression of RAB21. Material in the ARE that is not recycled is generally transported into RAB7-and RAB9-positive late endosomes (LE) and from there to the RAB7 positive lysosome (LY). In the LE, the route to the lysosome has probably been set, and the option of transcytosis is no longer available [143] . Thus, the common pathways of endocytosis end either in the membrane of origin or in the proteolytic environment of the lysosome. Studies of nanoparticle transport in epithelial MDCK Rab11FIP5 displays punctate staining below both the apical and basolateral membranes, expression levels being higher in the jejunum than in the colon. RAB17 and RAB25, both of which have been associated with the transcytotic process are expressed in both jejunal and colonic epithelia. The immunostained sections are adapted from the Human Protein Atlas (www.proteinatlas.org) [12, 13] .
cells showed that endocytosed polystyrene nanoparticles are transported into RAB7 and RAB9 positive compartments [149] . These compartments are likely to be late endosomes and lysosomes. A minority of nanoparticles were located in RAB11 positive recycling endosomes that might have led to transcytosis [150] . Fig. 7 shows examples of Rab GTPase expression in the small and large intestine. The mechanism giving rise to transcytosis is poorly understood. The process shows an inherent polarity with mechanistic differences between apical to basolateral and basolateral to apical transcytosis [151, 152] . This section focuses on apical to basolateral transcytosis. It is clear that RAB11A, RAB17 and RAB25 are involved in transcytotic transport, implicating that there is a role for apical and basolateral recycling endosomes [144, 146, 147] . The mechanism of endosome transfer between apical and basolateral domains remains unidentified. It has also been shown that transcytosis in MDCK cells is inhibited by Brefeldin A (BfA), an inhibitor of protein and vesicle transport from the endoplasmatic reticulum (ER) to golgi apparatus, suggesting that these organelles play a role in transcytosis [153] [154] [155] . One intracellular target for BfA has been proposed to be Golgi-specific Brefeldin Aresistance guanine nucleotide exchange factor 1 (GBF1), a guanine nucleotide exchange factor involved in the formation of transport vesicles in the Golgi [156] [157] [158] . GBF1 is also involved in vesicle transport along the retrograde pathway from apical recycling endosomes, via the trans-Golgi and Golgi networks to the ER and BfA accordingly strongly modifies this pathway [159] [160] [161] [162] . The retrograde pathway is used by several polypeptide bacterial toxins to escape degradation in the lysosome and exert their toxic effect by escaping from the ER to the cytoplasm using specialized CPPs [162] [163] [164] .
Interestingly RAB11 has also been shown to be involved in targeting of endosome transport from the apical recycling endosomes to the trans-Golgi network which suggests that the retrograde pathway between these organelles is a central step in the mechanism(s) of transcytosis [165, 166] . Activation by mitogen activated protein kinase (MAPK) dependent phosphorylation of the Rab-binding protein RAB11FIP5 leads to increased transcytosis in MDCK cells [166] . These proteins are expressed in jejunal and colonic epithelia and at lower levels in Caco-2 cells [12, 14, 32] . RAB11FIP5 shows distinctively higher expression levels in jejunal than in colonic epithelium. In both tissues, the protein shows a distinct subcellular localization (Fig. 7B) . The protein is found in punctate stains close to both apical and basolateral membranes that could be identical to recycling endosomes.
Targeting to transcytosed receptors
An example of a protein transcytosed across the intestinal epithelium is IgG, which is transported from the gut lumen via the neonatal Fc receptor (FcRn, FCGRT) [167, 168] . In humans "neonatal Fc receptor" is a misnomer as the receptor is expressed in the intestinal epithelium throughout life. In rodents the receptor expression declines rapidly after weaning. In neonatal rats FCGRT is highly expressed in the jejunal epithelium where it imports milk derived IgG from the gut lumen back into the circulation. In the slightly acidic microclimate (pH 6.5) created by the proton gradient in the jejunal mucus layer, the FCGRT binds the Fc-portion of IgG with high affinity [169] . The receptor is then transcytosed with the assistance of a unique sorting motif [170] , and releases its bound antibody at the neutral pH of the subepithelial tissue (Fig. 8A) . The transcytosis of FCGRT has been studied in considerable detail in the neonatal rat small intestine [152] . The translocation of the receptor from the apical to the basolateral pole of the enterocyte was found to take place in a RAB5, RAB9 and RAB11 positive endosome, adding to the complexity of the transcytotic process. RAB9, like RAB11, is known to be involved in endosome trafficking to and from the trans-Golgi network [143, 144] . It has been proposed that the pathway via FcRn contributes to the monitoring of the gut lumen contents by the immune system, and that it might be involved in both defense against pathogens and in induction of tolerance to food antigens [167, 171, 172] . Few human studies of peptide delivery via transcytosed receptors have been performed, examples in the review will therefore by necessity derive from in vitro experiments and small animal species.
Perhaps the most successful use of receptor-mediated transcytosis for peptide delivery has been via the FCGRT [109] . Pridgen and coworkers decorated insulin loaded nanoparticles (mean diameter 57 nm) with IgG Fc-regions. This resulted in efficient oral delivery of insulin to wild-type mice, with a reduction of blood glucose of 45% in the mice after oral insulin administration of 1.1 IU/kg. In contrast, knock-out mice negative for FCGRT showed no reduction in blood glucose after oral administration of insulin loaded Fc-nanoparticles, demonstrating the specificity of the uptake mechanism. Importantly, the administered dose was much lower than in previous examples, involving tight junction manipulation and CCPs, respectively and corresponds to a normal, daily, human subcutaneously injected dose. This suggests that the bioavailability of the orally administered insulin must be comparably high. It will be interesting to see whether these promising results can be reproduced in larger animal species. Fc-decorated nanoparticles or Fc-fusion proteins have also been found to cross the lung epithelium in vitro as well as in vivo in non-human primates and humans [173] [174] [175] .
Another example of receptor-mediated transcytosis is the uptake of vitamin B12 by intestinal enterocytes. The process is illustrated in Fig. 8A . Vitamin B12 is taken up as a complex with the intrinsic factor protein (IF) in the ileum. After binding of the Vitamin B12 -IF complex to the Vitamin B12 -intrinsic factor receptor (CUBN, AMN), the receptor and ligand are endocytosed. The receptor is recycled to the membrane while the Vitamin B12 -IF complex is routed to the lysosome. Here IF is broken down and vitamin B12 is eventually released into the portal circulation, where it is bound and transported by the transcobalamin II protein [114, 176, 177] . The uptake of vitamin B12 is quite inefficient, and from a 5-50 μg oral dose about 1.5 μg is absorbed, possibly indicating saturation of the transport mechanism [178, 179] .
The vitamin B12 pathway has been explored for peptide delivery in rats. In a targeted peptide delivery study, the appetite suppressing peptide hPYY(3-36) was fused with vitamin B12 and after administration by oral gavage to rats, achieved a bioavailability of 25% [113] . In other studies, several vitamin B12 decorated insulin loaded nanoparticles were constructed, leading to oral bioavailabilities of insulin in the 5-26% range in rat (nanoparticle mean diameters of 125-370 nm) [115, 116, 180] . It is interesting to note, and perhaps of concern, that, depending on the dose, a comparable or higher bioavailability was obtained with each of the vitamin B12-decorated peptide delivery systems in the small animal species than with the natural ligand vitamin B12 in man.
Another, less obvious receptor that may be targeted for transcytosis across enterocytes is the lactoferrin receptor (ITLN-1) that mediates the intestinal uptake of lactoferrin [181, 182] . ITLN-1 is highly expressed in the jejunum and colon and can be found in modest levels in Caco-2 cells [12, 14, 32, 181, 183] . The lactoferrin receptor has been used for oral delivery of lactoferrin for T cell dependent tumor inhibition and for oral delivery of lactoferrin loaded nanoparticles in breast cancer treatment; both studies were conducted in mice [111, 112] .
Targeting oral peptide or nanoparticle delivery to a transcytosed receptor poses the risk that binding of the targeted peptide or nanoparticle can be outcompeted by the physiological ligand if the latter is present in high levels in the gut lumen. Conversely, an essential natural ligand present at low concentrations can be outcompeted by a delivery system when this is given in high amounts. One way to avoid the competition with the natural ligand could be to develop a ligand that binds to an alternative site of the receptor and still be transported. Although this approach may seem very difficult, proof-of-concept has been provided by a transferrin-receptor binding peptide that was then bound to the surface of a nanoparticle for transport across the bloodbrain barrier [184] . Unfortunately, while the transferrin receptor (TFRC) and insulin receptor (INSR) are transcytosed across the bloodbrain barrier they are not transcytosed in the intestinal epithelium [185] . The transferrin receptor is predominantly localized to the basolateral membrane in enterocytes where it binds transferrin and is endocytosed [186] . Transferrin is loaded with iron in endosomes and the transferrin-receptor complex is recycled to the basolateral membrane [186] . Whether an alternative binding site can be used on another, more suitable receptor than the transferrin receptor in the enterocyte remains to be seen. A similar strategy where FCGRTbinding peptides were fused to therapeutic proteins allowing them to transcytose across MDCK monolayers has been explored [108] . Expression of transcytosed receptors in the intestine is shown in Fig. 8B .
As the number of identified receptors that are transcytosed in the intestinal epithelium is limited, other components of the apical membrane might be utilized for targeted delivery of peptides or nanoparticles. Glycosphingolipids are constituents of the plasma membrane involved in modulation of intracellular signaling [187, 188] . The ceramide domain of the glycosphingolipid GM1 controls its intracellular sorting; this is also the case after endocytosis [189, 190] . If the ceramide domain contains a short lipid chain, C12 or below, a fraction of the glycosphingolipid GM1 is sorted into early and recycling endosomes after addition to the apical face of the cell [190] . A fraction of the GM-1 C12-fusion is then transcytosed. If the lipid chain is longer, C18, the glycosphingolipid is mainly sorted into late endosomes and directed to the lysosomes [190, 191] . Fusing glucagon-like peptide 1 (GLP1) to a short chain glycosphingolipid GM1 allowed the peptide hormone to be transcytosed over polarized epithelial MDCK cells and the nasal epithelium in vivo in mice [123] .
Nanoparticles and M-cell mediated transcytosis
Recently it was suggested for the first time that the body produces and absorbs endogenous nanoparticles in the small intestine [192, 193] . Phosphate and calcium ions secreted by the intestinal epithelium, will complex with calcium ions and precipitate as calcium-phosphate nanoparticles in the gut lumen. It was suggested that these endogenous nanoparticles trap antigens that are afterwards sampled by M-cells in Peyer's patches. The nanoparticles are then transcytosed to the antigen presenting cells located below the patches.
This newly discovered mechanism was proposed as a sampling mechanism from the intestinal lumen in order to induce immune responses to luminal antigens when needed and perhaps also to maintain food tolerance [93, 171] . While the primary role of intestinal lymphoid tissues such as the Peyer's patches is to mediate immune responses to antigens and pathogens, these tissues also play a role in the development of oral tolerance to food antigens [171] .
After transcytosis by the M-cells to the antigen presenting cells, the endogenous nanoparticles are broken down [192] . While this mechanism can be of interest for peptide delivery to the local immune system e.g. in oral vaccines, its applicability for systemic delivery remains to be shown [1, 194] . Another question that remains to be answered is the capacity of the process. When studying peptide absorption across the human intestinal epithelium, it was found that tissue specimens containing Peyer's patches transported no more than twice the amount of peptides than did neighboring M-cell free epithelium [195, 196] . While the physiological antigen sampling mechanism might be efficient, the Peyer's patches constitute a very small fraction of the intestinal surface. In a young adult, a few hundred patches are found in the ileum; this number then declines with increasing age [197, 198] . Compared to the surface area covered by enterocytes, the area of the Peyer's patches is miniscule. The fraction of M-cells compared to other epithelial cells in the intestine has been estimated to 1 in 10 million cells [199] . The density of Peyer's patches in the intestine of common laboratory animal species is several times higher than in man [21] . This difference must be considered to avoid an overestimation of the nanoparticle transport capacity in man.
M-cell transcytosis has often been seen as a promising route of nanoparticle delivery, particularly as M-cell transcytosis seems to bypass the lysosomes [1, 200] . The efficiency of M-cell transcytosis as compared to that of the normal villous epithelium has been compared in a number of studies. In in vitro experiments with human intestinal tissues it was found that the permeability of RGD-peptide decorated nanoparticles was 5 times higher in tissue specimens containing Peyer's patches compared to normal villous epithelium [201] . When rat, ovine and bovine villous epithelium and Peyer's patch containing epithelium were compared, the HRP permeability across the tissue was 5-fold higher for tissue sections containing patches [202] . Uptake of Salmonella typhimurium bacteria was 10-fold higher in the Peyer's patches than in the villous epithelium [202] .
In rat intestinal everted sacs, styrene maleic acid nanomicelles showed identical transport in jejunum and ileum, despite the higher density of Peyer's patches in the ileum [203] . The nanomicelles were absorbed to equal extents by M-cells and nearby enterocytes. In another study, uptake of polyalkylcyanoacrylate nanocapsules in M-cells was determined to be twice that of uptake in nearby enterocytes [204] . Thus the M-cell capacity for particle uptake seems on par with to ten times higher than that of the normal villous epithelium. However, since there is only 1 M-cell in 10 million enterocytes, the total capacity for nanoparticle uptake in the latter is much higher.
While the extent of Peyer's patch particle uptake seems low, few studies have been published quantifying the capacity and kinetics of the process. In one such study a dose of 4 × 10 8 polystyrene nanoparticles was administered to rabbit intestinal loops with Peyer's patches [205] . Each loop contained on average 15 Peyer's patches. After 90 min of exposure nanoparticle uptake into the follicle associated epithelium of the patch and the underlying subepithelial dome was quantified. The most active patch was found to have absorbed approximately 6000 nanoparticles. If all patches had shown similar activities 1 in 4500 nanoparticles would have been absorbed, translating to a very low bioavailability. It was noted in the same study that rabbit Peyer's patches showed 10-fold higher particle absorption than mouse patches. What is the fate of particles after transcytosis across the M-cell? This was investigated in mice where β-glucan microparticles were taken up by M-cells and transcytosed into the subepithelial dome of the Peyer's patch [206] . Here the particles were absorbed by a subset of dendritic cells. The particles remained in these cells until the end of the experiment, three days later. Polystyrene nanoparticles have also been found to be associated with dendritic cells up to 14 days after uptake in a Peyer's patch [207] . This suggests that absorbed particles show limited transport from the patch into the systemic circulation, but could possibly be used for pharmacological intervention in dendritic cells.
Subepithelial tissue
The subepithelial tissue resides below the intestinal epithelium, and can be divided into the lamina propria and mucosa muscularis. In vivo, this loose and highly vascularized connective tissue is not a ratelimiting barrier to the passage of small peptides [208, 209] . Larger peptides, especially over 30 kDa, are preferentially transported into the lymphatic system, rather than the blood vessels [209] . In this respect, intestinal absorption and subcutaneous or intramuscular injections follow the same pattern. The cell density in the subepithelial layer is low, especially compared to the densely packed epithelial layer (see Figs.  2-8) . The extracellular matrix in dense connective tissues such as cartilage can be very compact, exhibiting pore sizes as small as 60 nm [210] . However, the pore size of the extracellular matrix in the intestinal subepithelium is much larger than this and is unlikely to impede nanoparticles to any significant extent [211, 212] .
Caco-2 cells as an in vitro model system of intestinal absorption
Caco-2 is a human colon cancer cell line that, when cultured on semi-permeable filter supports, differentiates into an enterocyte-like phenotype. Since its introduction, it has become a workhorse for permeability studies in drug discovery and development as well as in the ADME (drug absorption, distribution, metabolism and excretion) sciences [213] [214] [215] [216] . Well established protocols allow the prediction of human intestinal fraction absorbed from Caco-2 permeability data as long as intestinal drug metabolism or active transport is not significant for the investigated drug [217, 218] . Caco-2 cells lack expression of the majority of the drug metabolizing cytochrome P450 enzymes found in the small intestine, limiting their usefulness for the prediction of oral bioavailability [14] .
We recently quantified the proteome of filter-grown Caco-2 cells [14] . Despite its colonic origin, the Caco-2 cell line shows a proteome expression profile closer to the jejunal enterocyte. Yet, important differences exist between the Caco-2 cell line and the intestine. For instance, a lower expression of brush border peptidases (Section 3.1) and mucins was observed. Several brush border proteinases and peptidases were below the limit of detection, including dipeptidylpeptidases 3 (DPP3), glutamyl aminoopeptidase (ENPEP), membrane metallo-endopeptidase (MME), and transmembrane protease serine 4 (TMPRSS4) (and others) which are all highly expressed in enterocytes. Only DPP4 and TMPRSS15 were found at detectable levels in Caco-2 cells (Section 3.2.1). Caco-2 metabolism of peptides will therefore likely be lower compared to that in the human intestine.
Attempts have been made to compensate for the absence of a protective mucus layer in Caco-2 by co-culture with various mucus secreting goblet cell clones isolated from the human colorectal adenocarcinoma cell line HT-29 [46] . Unfortunately these two cell lines do not mix well in culture and HT-29 cells tend to grow as colonies embedded in Caco-2 cells, resulting in a discontinuous mucus layer [219] [220] [221] [222] [223] . Co-cultures display lower transepithelial electrical resistance (TEER, also often given as TER) than pure Caco-2 cultures and also show increased permeability of integrity markers and peptides [222] . The presence of a mucus layer has been shown to impede nanoparticle permeability in co-cultures [223] . Considering the discontinuous mucus layer it is likely that HT-29/Caco-2 co-cultures underestimate nanoparticle binding to mucus. Monocultures of goblet cell clones (Table 2 ) seem, depending on clone to give a better coverage and have found some application, e.g. in studies of bioadhesive delivery systems [224, 225] . Importantly, the goblet cell clones will not form a mucus layer that is identical with regard to composition and structure to those found along the gastrointestinal tract. Therefore, freshly isolated mucus layers from the region of interest constitute better models [226] . In addition of having the right composition, freshly isolated mucus may retain its tertiary structure.
One aspect that has limited the usefulness of Caco-2 cells for studies of peptide delivery is the comparatively low level of endocytosis and transcytosis [137, 138] . While this may be explained in part by the physiological barrier function of the intestinal epithelium, the proteome analysis showed reduced expression of proteins involved in endocytosis, such as caveolins and some syntaxins. Considering the tumor origin of Caco-2 cells, it is interesting to note that caveolin-1 can act as both a tumor suppressor and as an oncogene depending on context [227] [228] [229] . In the early stage of colorectal cancers, caveolin-1 suppresses tumor progression, while over-expression of caveolin-1 reduces the tumourogenicity of more mature colon carcinoma cells, a phenomenon regulated by promotor methylation density [229] . Our protein expression analysis is in agreement with other studies showing that caveolins are down-regulated in differentiated Caco-2 cells [230] , but contradicted by others, where caveolin-1 expression could be detected by western blotting [136] .
Co-culture of Caco-2 cells with Raji B cells (a human hematopoietic cell line of B lymphocyte origin) induces an M-cell like phenotype in Caco-2 cells [138, 231] . Since the transformation to the FAE-like phenotype induces transcytotic capacity, the co-cultures have often been used to study transepithelial transport of antigens, pathogens, peptides, and nanoparticles. Nanoparticle transport could be increased further if the particles were decorated with an integrin-binding RGD-peptide [201] . Interestingly, the caveolin expression is increased in the M-cell like cells [230] . It is not clear to what extent this model represents the follicle associated epithelium. Since transcytosis in the model can be induced and stabilized by the addition of pro-inflammatory cytokines, it may also bear characteristics of the acutely inflamed intestine [232] . This is supported by studies in Caco-2 cell monolayers (without Raji B cells), which after a brief exposure to the enteropathogen Yersinia pseudotuberculosis increased the transport of nanoparticles 30 fold [233] .
A triple culture model combining Caco-2, HT-29 and Raji B cells has been published [223] . As published previously for HT-29/Caco-2 cocultures the triple culture model displayed a discontinuous mucus layer [222] . Polystyrene nanoparticle permeability was not studied in the triple model but cellular uptake of nanoparticles was determined to be 50% higher in the triple culture model than in pure Caco-2 culture. However, no statistics were given for this experiment so it is impossible to judge if this small difference is significant.
While Caco-2 cells is the most commonly used cell line for studying intestinal transport, several other cell lines have been employed in different applications (reviewed in [218] ). T84 is a human colonic adenocarcinoma with a crypt-like phenotype [234] . The rat 2/4/A1 crypt cell-like cell line forms a leakier epithelium than the other cell lines described and has been used for transport and permeability of small molecule drugs [235, 236] . Dog kidney epithelium derived Madine-Darby Canine Kidney (MDCK) cells are often used as a model system for transporter expression and as a model for epithelial transcytosis of macromolecules and nanoparticles [106] .
Novel advanced in vitro model systems
In recent years many new cell culture systems have been developed trying to improve cell phenotypes by mimicking key physiological parameters such as 3D-geometry, fluid flow and mechanical stimulation simulating pressure changes caused by the heartbeats.
For example human small intestinal epithelial cell monolayers differentiated from adult stem cells have recently been applied to prediction of human oral drug absorption [237] . Interestingly, the epithelial monolayers showed a more in vivo-like pore size distribution in the tight junctions than Caco-2 cell monolayers [238] . This implicates that they might be advantageous to use for permeability studies of low permeable compounds such as peptides, provided that they become generally available. In another culture model, different intestinal cell lines were cultured at the air-liquid interface in semi-wet cultures with mechanical stimulation. Both polarization and mucus production were induced in the cell cultures [239] .
Caco-2 cells have also been cultured on micromolded collagen supports that mimicked villi morphology [240] . This led to increased expression of the transmembrane mucin MUC17 and the tight junction protein occludin [240] . MUC17 expression led to an increased protection against S. typhimurium infection.
The most advanced culture systems developed to date are the microfluidic organs-on-chips [241] . Gut-on-a-chip technology has also been used with Caco-2 cells [242, 243] . The cells are cultured on a semipermeable membrane with the apical and basolateral membranes facing two different fluid-filled channels simulating intestinal lumen and blood, respectively. Incorporating pressure pulses to simulate both heart beat and peristaltic movement leads to dramatic changes in the Caco-2 cell phenotype. Mucin expression was induced in the cultures and the Caco-2 cells started to form villous-and crypt-like structures [242, 243] . Further differentiation of the Caco-2 cells into several intestinal cell types, including goblet cells, was observed [242] .
In summary, more advanced, specialized cell culture models that may better mimic the in vivo state than the currently favored models reviewed here are under development. These novel models need confirmation and further study but could make significant contributions to the field in the future when they are well established. Still, it is difficult to capture the full complexity of the intestinal epithelium in these models (Table 2 ). Could studies of excised human intestinal tissues mounted in Ussing chambers provide a better model?
Ussing chambers
The Ussing chamber (Fig. 9 ) was devised in 1946 by the Danish physiologist Hans Henriksen Ussing for the study of water excretion through toad skin [244, 245] . It has since been used for the study of transport properties, permeability and physiology of diverse epithelial tissues ranging from the gut to the retina. The Ussing chamber is one of the most advanced methods for ADME research in vitro and is used to investigate intestinal integrity and permeability. Very few papers have been published where Ussing chambers have been used to study the permeability of nanoparticles (24 in total as of February, 2016) and only 4 of these studies have used human intestinal tissues [137, 233, 246, 247] . A handful of studies have used Ussing chambers to study the permeability of peptides not formulated in nanoparticles, none of these have been performed using human tissues. Therefore, some of the examples below have been obtained from Ussing chamber studies with tissues from experimental animals, usually rodents. Ussing chamber studies based on human tissue have traditionally used colon or ileum resected during cancer surgery. In recent years, the global obesity epidemic has given access to more proximal intestinal segments. This is because different bariatric surgery techniques are now among the most common procedures in surgery clinics in many parts of the world [248] . During Roux-en-Y gastric bypass small jejunum tissue samples can be donated without risk to the patient. This has led to an increase in the availability of human intestinal tissue for Ussing chamber experiments. Intestinal tissues from obese patients could possibly show somewhat higher permeability than intestines in average weight patients [249, 250] . In rodents it is clear that obesity induced by a high fat diet can lead to a relatively mild inflammation in the intestine, sometimes but not always accompanied by a defect in intestinal barrier function [251] . The severity of the induced inflammation seems to be species and strain dependent [252, 253] . The evidence for intestinal inflammation in obese humans is contradictive with several studies giving conflicting results with no clear indication of barrier defects [250] . Obese patients with non-alcoholic steatosis have shown evidence of a mild barrier defect that was not observed in obese or lean patients. [254] While induced obesity in rodents is an acute phenomenon following an extreme diet, most obese humans have been overweight for many years prior to bariatric surgery. It is therefore likely that the intestinal inflammation in human obese patients is milder with smaller effects on tissue integrity.
It is of great importance that the laboratory performing the Ussing chamber experiments is situated in close proximity to the surgery or clinic as the tissues rapidly deteriorate after surgical resection. Transportation should occur under well-defined conditions and should take no longer than 30-60 min in order to avoid decreased tissue viability and integrity [255, 256] .
The Ussing chamber technique is not only logistically, but also technically challenging [255] [256] [257] . The intestinal epithelium from freshly excised tissue has to be dissected from the underlying tissues along the submucosa and mounted so that it covers a window between two adjacent chambers (Fig. 9) . The chambers are filled with a buffer containing nutrients needed by the tissue; this is commonly Krebs-Ringer, supplemented with amino acids, warmed to 37°C, and bubbled with oxygen or carbogen. Ussing chambers are available both in vertical (Fig. 9) and horizontal (not shown) formats [202, 257] . Horizontal Ussing chambers are essentially identical to Franz diffusion cells with the addition of electrophysiological monitoring. Franz diffusion cells are mainly used for skin permeability studies but have been used with intestinal tissues as well [202, 258] . Peptides, nanoparticles or other materials of interest are added to the chamber on the apical (mucosal) side of the tissue and their passage over the epithelium and appearance in the basolateral (serosal) chamber is monitored. From these concentration-time data, the apparent permeability rate constant (Papp) can be calculated [217, 255] .
Care must be taken to ensure the continued viability and integrity of the tissue. As in cell monolayers, this is usually achieved by monitoring the permeability of hydrophilic markers (a low permeability is associated with intact tissue) and measuring the electrophysiological parameters of the tissue (Fig. 9) . The commonly used electrophysiological read out trans-epithelial electrical resistance (TEER) is a comparatively blunt tool with which to monitor epithelial integrity, so the use of hydrophilic permeability markers is highly recommended [257] . A common technique to monitor tissue viability at the end of an experiment is to add the cAMP-agonist forskolin. If the tissue is still viable, the induced increase in cAMP will stimulate the current passing over the epithelium, mainly by activation of CFTR (Cystic fibrosis transmembrane conductance regulator, ABCC7) Cl − channels (Fig. 9 ) [259] .
Cytotoxicity readouts such as ATP levels, lactate dehydrogenase (LDH) release and apoptosis detection can be used in Ussing chambers. Such assays are thought to give more physiologically relevant data on acute toxic effects than can be achieved in cell culture since the latter are often more sensitive to xenobiotics, pharmaceutical excipients and nanoparticle formulations [260, 261, 262] . The use of human tissue also presents other advantages, as many of the intestinal tissue functions are preserved (see Table 2 ). These responses are often species specific, especially in the case of peptide metabolism, inflammatory response and cytokine release after exposure to e.g. toxic nanoparticles. After a permeability measurement in an Ussing chamber, the tissue can be processed for microscopy and absorbed peptides or nanoparticles can be visualized by light, fluorescence, or electron microscopy.
It is important to note that, in several cases, ex vivo experiments with Ussing chambers are unable to recapture the in vivo situation. The viability of tissue in the chamber, even under conditions carefully mimicking physiological conditions, is typically limited to up to 3 h [255] [256] [257] . If maintained for longer times, gradual shedding of the loosely attached mucosa and emptying of goblet cells will increase.
Excised intestinal tissues are devoid of functional circulation and lymphatic drainage. This leads to water accumulation and concomitant tissue swelling in the Ussing chamber [257] . Water accumulation can be reduced by substituting glucose with mannitol in the buffer bathing the mucosal, apical, surface of the tissue. The absence of glucose shuts down sodium-dependent glucose transport into the epithelium and thus sodium and glucose accumulation in the serosal chamber; this reduces the buildup of an osmotic gradient and reduces swelling of the tissue [257] . It is likely that the lack of circulation can impede passage of especially larger molecules through the subepithelial layer and it is thus possible that the subepithelium presents more of a barrier in ex vivo experiments than it does in vivo. In addition, the tissue specimens lack innervation and the subepithelial muscle layer. Therefore, responses dependent on nerve signaling and peristaltic movements, respectively, will not be captured ex vivo. Further, as the tissue lacks circulation, toxicologic responses dependent on the systemic immune system cannot be studied.
In summary, correctly handled, freshly isolated human tissues mounted in Ussing chambers provide a sensitive system that provides more of the complexity of the human intestinal barrier in vivo than cell culture models. A downside of this complexity is the technical challenge of the system, which limits its capacity. The Ussing chamber remains a low throughput tool and therefore, as much information as possible should be extracted from each experiment.
Translation from Ussing chamber experiments to in vivo intestinal absorption
An advantage of using human intestinal tissues in Ussing chambers is that it enables prediction of intestinal absorption in man for molecules with significant intestinal metabolism, such as peptides [255, 263] . The translation of permeability experiments in Ussing chambers to in vivo intestinal absorption has therefore been established for small drug molecules in both rat and human [255, 264] . When comparing the permeability of small tripeptides (Ile-Pro-Pro and Val-Pro-Pro) in Caco-2 monolayers, rat intestinal tissue ex vivo and perfused jejunal loops, it was found that Ussing chamber permeabilities were 5-10 fold higher than the corresponding values derived from Caco-2 measurements [196] . The permeabilities in the jejunal loops were not significantly different from measurements from the Ussing chambers. Further, the permeabilities in the jejunal loops were comparable to those observed in in vivo experiments. Interestingly, the more controlled conditions in the Ussing chamber experiments resulted in lower variability in permeability values than the in vivo experiments. The good in vitro-in vivo correlation suggested that the subepithelial tissue barrier in the Ussing chambers did not influence the permeability measurements of these small peptides to a significant extent under the applied conditions.
The number of studies performed with human tissues in Ussing chambers is too small to draw definitive conclusions about their applicability in studies of larger peptide drugs and nanoparticles. Some promising results have, however, been obtained. Ussing chambers have been used for prediction of peptide absorption for e.g. IgG monoclonal antibodies [265] . Hornby and coworkers investigated the expression of FcRn in different segments of the intestine from the duodenum to the distal colon in rat, cymologous monkeys and man. Segmental expression levels of FcRn were predictive of Ussing chamber IgG monoclonal antibody (mAb) permeability over tissues derived from different parts of the small intestine for human, rat and cymologous monkeys. Additionally, regional absorption of antibodies showed the same rank order after instillation in different intestinal segments of cymologous monkeys. In human tissue experiments, both FcRn expression and transepithelial transport of IgG mAb in Ussing chambers increased from the duodenum and distally towards the colon. Thus, in this case, the regional IgG mAb absorption could be predicted from Ussing chamber experiments and FcRn expression data. If the large size of mAbs is considered, it seems likely that Ussing chambers can be used to study the permeability of other large, soluble, peptides too.
A few studies of nanoparticle-mediated intestinal absorption have been performed in Ussing chambers, mainly using rodent tissue. Studies of paclitaxel loaded PEG-ylated cyclodextrin poly(anhydride) nanoparticles (where cyclodextrin-paclitaxel complexes were used to increase drug loading and the PEG-ylated surface aimed at mucodiffusivity) established a rank order correlation between permeabilities of different nanoparticle constructs and rat plasma AUC of paclitaxel after in vivo administration [266] . In another study, nanoparticles were derived from trimethyl chitosan (for permeation enhancement) and stabilized with poly γ-glutamic acid [267] . This backbone was conjugated to FOY-251, an active derivative of camostat mesylate, for peptidase inhibition purposes. The nanoparticles were decorated with a goblet cell targeting peptide, and loaded with insulin (mean final diameter of 250-300 nm). In this case, studies in Ussing chamber mounted rat jejunal tissues were used to predict the nanoparticle construct that would give the most efficient insulin-delivery in in vivo rat studies.
In a third study, calcitonin-loaded solid lipid nanoparticles with densely PEG-ylated surfaces were decorated with a goblet cell targeting peptide or a CPP (mean diameters of 240-400 nm) [268] . Ussing chamber experiments with rat duodenum could here predict the rank order and fold increase in in vivo rat bioavailability when comparing free calcitonin, solid lipid nanoparticles, goblet cell targeting peptide decorated solid lipid nanoparticles, and CPP-decorated solid lipid nanoparticles.
In a fourth study, Ussing chamber experiments were performed using human colonic tissues from inflammatory bowel disease (IBD) patients. PLGA nanoparticles (250 nm) and microparticles (3 μm) showed very limited permeability (measured in the receiving chamber of the Ussing chamber) in normal epithelium, while they showed increased permeability in the corresponding inflamed epithelium [246] . Penetration was measured as the number of particles found in microscopy sections of tissue specimens after exposure in Ussing chambers. Penetration, like permeability, increased significantly in the inflamed epithelium. Similarly, after in vivo administration of nano-and microparticles to the colon of IBD patients, only a few nanoparticles could be seen in the mucosa of patients with ulcerative colitis in remission. A larger accumulation of nanoparticles could be seen at active inflamed sites. Very few microparticles could be detected in the mucosa of Crohn's disease (CD) patients with mild inflammation. In rectal lesions in CD patients with severe inflammation a pronounced accumulation of microparticles could be seen, correlating well with the results from the Ussing chambers.
Tissue penetration and permeability also increased in the normal human ileum after a brief exposure to the enteropathogenic bacterium Y. pseudotuberculosis, presumably as a result of an acute inflammatory response [233] . The enhanced transepithelial transport was inhibited by the commonly used but unselective endocytosis inhibitor 5-(Nethyl-N-isopropyl) amiloride (EIPA), indicating the involvement of an endocytotic mechanism, possibly macropinocytosis [141, 233] .
PEG-functionalized, chitosan-functionalized, and non-functionalized PLGA nano-and microparticles were also used in Ussing chamber experiments with colon tissue biopsies derived from patients with IBD. It could be shown that PEG-ylation increased tissue permeation and penetration in Ussing chamber experiments [247] . In this study, neither nano-nor micro-PLGA particles (250 nm and 3 μm, respectively) showed any permeability over colonic epithelium. Healthy and inflamed colons were both impermeable to the PLGA nanoparticles. Both PEG-ylated nanoand microparticles showed permeability over the inflamed mucosa and, to a small extent over the healthy epithelium. Nanoparticles were more permeable than the microparticles in both tissue types. The same pattern was found in microscopy analysis of tissue samples from the Ussing chambers. Inflamed mucosa contained many more particles (both micro and nano) than healthy tissue. In all cases, nanoparticles were detected in higher numbers in the tissue than microparticles. The data suggests that the PEG-ylated particles had mucus penetrating properties because of their short, 5 kDa PEG-chains, as discussed in Section 3.2.2 and therefore they could penetrate the mucus layer to interact with the epithelium. Chitosan-functionalized positively charged nano-and microparticles showed a pronounced binding to mucus and cell surfaces preventing the permeability and uptake of these particles.
In summary, these results show a good in vitro-in vivo agreement between nanoparticle uptake in normal as well as inflamed human intestinal tissue. They also show that the uptake of non-targeted nanoparticles increases, but remains low, in IBD.
Modeling of jejunal peptide or nanoparticle absorption
In a recent study, we introduced a simple mechanistic model for prediction of the intestinal regional fraction absorbed from permeability (Papp) values derived from Caco-2 or Ussing chamber experiments [14] . The model was set up to mimic a typical human intestinal perfusion experiment in a 10-cm intestinal segment (loc-i-gut) [96, 269] .The model assumes a transit time of 270 min, that the permeant is in solution and stable, evenly distributed in the lumen during the study, and that the transport rates are in the linear range. Based on these assumptions the fraction absorbed from the perfusate can be predicted. Comparing the model to previously published Ussing permeability studies revealed a good correspondence to human in vivo fraction absorbed values [255] .
The geometry of the intestinal segment modeled is illustrated in Fig. 10A . Fig. 10B shows the predicted fraction absorbed as a function of intestinal permeability. The intestinal fraction absorbed increases from 1% to 99.5% when the permeability coefficient (Papp) increases from 0.5 to 100 × 10 −6 cm/s. Most peptides and nanoparticles show low Papp values that are predicted to correspond to low (far below 1%) absorbed fractions in vivo. Exceptions to this general statement exist, notably, the insulin permeation studies conducted after MLCP inhibition by Taverner and coworkers [66] as well as the utilization of targeted nanoparticles such as the IgG Fc-decorated nanoparticles used to achieve FcRn mediated nanoparticle transcytosis performed by Pridgen et al., [109] . In the study of Taverner et al., an insulin bioavailability of 3-4% after tight junction modulation was calculated, corresponding to a Papp value of 0.8-0.9 × 10 −6 cm/s [66] . In the study of Pridgen et al., the bioavailability was not calculated for the Fc-decorated nanoparticles [109] . However, considering that the dose of 1.1 IU/kg insulin corresponds to a typical daily subcutaneous dose in man, and the resulting decrease in blood glucose was 45%, it is likely that the bioavailability N25%, corresponding to a Papp value N5 × 10 −6 cm/s. Targeting of peptide or nanoparticles to the vitamin B12 absorption pathway resulted in bioavailabilities estimated to be in the range of 5-25% [113, 115, 116, 180] . This corresponds to Papp values in the range of 1-5 × 10 −6 cm/s. A bias inherent in our simple predictions is that the model assumes exposure to a constant concentration of the respective delivery system. In vivo, an added complexity is that the concentration will vary over time. Finally, it is note-worthy that these studies were performed in small animal species and may not be easily translated to larger species, including man.
Summary and conclusions
There are significant physiological and biochemical barriers to peptide absorption in the gastrointestinal tract. Nanoparticles have often been seen as a tool to overcome these barriers. Our review shows that to be effective, such nanoparticles must possess certain characteristics. First they must be able to protect their cargo against enzymatic breakdown in the gut lumen and by intestinal cells. Second, they should possess characteristics that allow them to pass or deliver the peptide across the mucus barrier. Finally, they should pass the intestinal epithelium lining the intestinal lumen. To circumvent this problem, many oral peptide delivery systems in current clinical trials have incorporated absorption enhancers with more or less non-specific mechanisms of action in their formulations. Here, we have reviewed alternative approaches and identified complex but more specific principles for oral peptide delivery, in particular in nanoparticles.
To pass the epithelial layer two strategies have been used with some success: the paracellular route via the tight junctions and the transcellular transcytosis route. Tight junctions can be modulated by MLC phosphorylation via MLCP inhibition, resulting in significant absorption of peptides. The transcellular pathways via comparably well investigated transcytotic pathways such as those for vitamin B12 and IgG were identified as the most promising options for the oral delivery of peptides encapsulated in nanoparticles. Importantly, to become a viable alternative for oral peptide delivery to humans, the promising results observed with tight junction regulation and transcytosis in small animals must be translatable to man.
